ABSTRACT In this paper, global stabilization is addressed for a class of large-scale nonlinear systems with time delays and unmodeled dynamics. The unmodeled dynamics are coupled with outputs in the large-scale nonlinear system. The bounded time-varying delay terms are related with all states and inputs in subsystems. Both an adaptive observer and an adaptive controller are designed to deal with the time delays and unmodeled dynamics. A numerical example is given to illustrate the effectiveness of the proposed method on the large-scale nonlinear system. INDEX TERMS Large-scale system, nonlinear system, adaptive control, unmodeled dynamic, output feedback.
I. INTRODUCTION
In recent years, large-scale systems have been paid considerable attention due to their widespread applications, such as multi-agent systems [1] , aerospace system, supply chains and economic systems [2] , [3] . Thereby, time-delay phenomena widely exist in many large-scale systems, for example, networked control systems [4] , chemical reactors [5] and aircraft systems [6] . Therefore, many research results on largescale nonlinear systems with time delays have been obtained in [7] - [9] . Full state feedback has been considered via adaptive neural-network control methods for a class of largescale nonlinear time-delay systems [10] . An output feedback control problem has been settled for a limited class of time-delay systems in which time-delay bounded terms only rely on measurable output variables [11] , however, the time-delay bounded terms are related with state variables in practice. An adaptive output feedback control scheme is proposed for large-scale time-delay systems where timedelay terms are related with all states of subsystems, however, only semiglobal stability is guaranteed in [12] and [13] . Recently, a global stability problem has been solved for largescale nonlinear time-delay systems in which time-delay terms are dependent on all states [14] . Moreover, output stabilization has been addressed for large-scale nonlinear time-delay systems in which time-delay terms are relied on all states and inputs in subsystems [15] . Thereby, nonlinear uncertain characteristics are one of main reasons which may lead to instability for large-scale systems [16] , [17] . However, to the best of our knowledge, few results on large-scale nonlinear time-delay systems with nonlinear uncertain characteristics have been reported, which motivates us to make an effort in this paper.
The nonlinear uncertain characteristics often appear in many control systems because of modeling errors, unknown modeling and modeling simplifications [18] , [19] . Both unmodeled dynamics and uncertainties as the nonlinear uncertain characteristics have attracted intensive attention [20] , [21] . It is an efficient way to obtain unmeasurable states and deal with uncertainties by state observers [22] - [24] . Many kinds of observers have been proposed for a lot of nonlinear systems, such as adaptive observer [25] , extend state observer [26] , high gain observer [27] and so on. Adaptive observers have been concerned to deal with uncertainties and unmodeled dynamics for nonlinear systems [28] . To deal with different parameter uncertainties, an adaptive sliding mode observer has been developed for engine cylinder pressure imbalance [29] . An adaptive observer-based parameter estimation algorithm has been proposed to estimate road gradients and vehicle weights by vehicle velocities and driving torques [30] .
For uncertain nonlinear systems, a robust adaptive observer has been designed to deal with unmodeled dynamics and uncertainties [31] . Both an adaptive observer and a memoryless adaptive controller have been proposed for a class of large-scale nonlinear time-delay systems [32] . Therefore, it is an interesting idea to design a novel adaptive output feedback scheme for uncertain large-scale nonlinear timedelay systems with unmodeled dynamics to achieve global asymptotic stability.
In this paper, both an adaptive controller and an adaptive observer are investigated for a class of uncertain large-scale nonlinear time-delay systems with unmodeled dynamics. The bounded functions of interaction terms are dependent on unmeasurable states, delayed states and controller terms in the investigated large-scale time-delay system. The proposed adaptive control scheme avoids calculating derivative repeatedly for traditional backstepping methods and reduces computational burden effectively, which is widely used for large-scale nonlinear systems. Finally, a numerical example is provided to illustrate the effectiveness of the proposed design technique.
This paper is organized in the following. Section II formulates the problem on uncertain large-scale nonlinear timedelay systems. Sections III shows the main of results of this paper. A numerical example is given in Section IV to show the effectiveness of the developed method. The paper is concluded by Section V.
Notation: In this paper, the superscripts ''T " stands for the transpose of a matrix. R + , R, R n and R n×n denote positive real numbers, the spaces of real numbers, the n-dimensional Euclidean space and the set of all n × n real matrices, respectively. The shorthand diag{· · · } denotes a block diagonal matrix. |·| and · stand for the absolute value and Euclidean norm, respectively. I is the identity matrix of appropriate dimension.
II. PROBLEM STATEMENT AND PRELIMINARIES
In this paper, the following large-scale nonlinear time-delay system composed of N subsystems with unmodeled dynamics is considered aṡ
where n i ≥ 2 is order of the ith subsystem,
∈ R n i is the state vector, i,j (t) ∈ R is unmodeled dynamics, u i (t) ∈ R and y i (t) ∈ R are input and output of ith subsystem, respectively, d(t) is a known bounded time-varying delay function satisfyingḋ(t) ≤ d < 1, ζ i,j ∈ R + is an unknown parameter belonging to an unknown compact set , the uncertain continuous function
, which is indicated by f i,j (·), denotes nonlinear effects within the ith subsystem and interactions from the other subsystems.
Before giving main results, the following assumptions are given for nonlinear effects of the large-scale nonlinear timedelay (1)- (2) .
Assumption 1: For the unknown nonlinear function f i,1 (·) and f i,j (·) in the large-scale nonlinear time-delay system (1)-(2), the following inequalities
hold for j = 2, 3, · · · , n i and i = 1, 2, · · · , N . Remark 1: When parameter ζ 0 is known and the unmodeled dynamics i,j (t) is not considered, Assumption 1 is very similar with [14, Assumption 1]. Due to considering unmodeled dynamics in Assumption 1, the large-scale nonlinear time-delay system (1)-(2) includes a more wide range of nonlinear systems than the one in [32] .
Assumption 2 [31] : For unmodeled dynamics, there exist unknown constants c i,j and k, such that
where the unmodeled dynamics ω i (t) is described aṡ [31] : For the unmodeled dynamics (6), there exists a Lypunov function V ω i (t) such that
where
In order to deal with the unmodeled dynamics ω i (t), the following variable δ i (t) is introduced aṡ
where γ i,3 is a design positive constant satisfying γ i,3 < γ i,1 , the initial condition of δ i (t) is a nonnegative constant. The following properties on δ i (t) are given as
where the initial condition of V ω i (t) is a nonnegative constant.
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Firstly, the following two useful lemmas are introduced for output feedback design and stability analysis in this paper.
Lemma 1 [14] : There exist three matrices in a canonical controller form A 0i ∈ R n i ×n i , B 0i ∈ R n i ×1 and C 0i ∈ R 1×n i as follows
Moreover, there exist a positive real numbers α, symmetric positive definite matrices
such that
where (13) holds for any constant c > 0.
III. MAIN RESULTS
A. ADAPTIVE OUTPUT FEEDBACK SCHEME Inspired [14] , an adaptive observer for system (1)- (2) is written aṡ
where z i,j (t) is the estimation of x i,j (t), a i,j is a positive constant satisfying (11)-(12) in Lemma 1, κ i,1 = P i C 0i is a positive constant, conditions of β i,1 (t) andζ i,1 (t) are given as 
Note that the dynamic gain r(t) with r 0 > 1 is written aṡ
where L(y(t), y(t − d(t))) is nonnegative functions, α is a constant from (12) in Lemma 1. From (21), it is evident that there are three properties in the dynamic gain r(t). The three properties for T ≥ 0 are given as follows:
Letting e i,j (t) = x i,j (t) − z i,j (t), the following scalar variable
By the state translations in (23), error system of adaptive observer is rewritten in matrix from aṡ
An adaptive controller is designed for the large-scale nonlinear time-delay system (1)- (2) . Before designing the controller, the following state translation is given as
Based on (25) , an adaptive controller is designed as
where k i,j for j = 1, 2, · · · , n i , i = 1, 2, · · · , N is a designed constant from Lemma 1. By (25) and (26), the closed-loop system with adaptive controller is written aṡ
where D i and G i are two matrices from Lemma 1 and i (·) is given as
B. STABILITY ANALYSIS
In this section, the following theorem is given for the large-scale nonlinear time-delay system (1)- (2) constants a i,j , k i,j , β i,1 ,  β i,2 ,ζ i,1 , α, adaptive laws β i,2 (t),ζ i,2 (t) and dynamic gain r(t), such that (11) and (12) in Lemma 1 and (19) , (20) and (21) hold, then the closed-loop system (1)- (2) is globally convergent to the origin asymptotically.
Proof: For system (1)- (2), a candidate LyapunovKrasovskii functional is chosen as
with
where C i,max is a positive unknown constant. By (3) and (4), it is shown as
From (7)- (9) in Assumption 3, it is obtained as
where τ i is a positive constant that satisfies
Based on inequality (35), condition (34) is rewritten as
where (12), (24) and (36), the derivative of (29) is given aṡ
max (y, y(t − d(t))),ρ i,max (y, y(t − d(t))) and
where i,h (y(t),
and VOLUME 5, 2017 ψ i,h (y(t), r(t)) with h = 1, 2 are known nonnegative functions. From (19) , (20), (31) and (32), letting
Based on (27) , the derivative of (30) is shown aṡ
Then, from (13) in Lemma 2, it is given as
] is a known positive constant. According to (39) and (40), it is obtained aṡ
From (38) and (41), the derivative of LyapunnovKrasovskii functional V (t) is given aṡ
There exists a positive function L(y(t), y(t − d(t))) in the dynamic gain (21) such that the following inequalities
hold. From (22) and (42), it is obtaineḋ
It is given from (43) that both ε(t) and ξ (t) are bounded for t ∈ [0, T f ). By definition of V (t), it is obtained that the adaptive laws β i,2 (t) andζ i,2 (t) are also bounded on [0, T f ). Moreover, the boundedness of β i,1 (t) andζ i,1 (t) is guaranteed on [0, T f ). Since ϕ i,h (·) with h = 1, 2 are bounded functions, the boundedness of r(t) is also guaranteed on [0, T f ). Therefore, the variables ε(t), ξ (t), β i,h (t),ζ i,h (t) and r(t) with h = 1, 2, i = 1, 2, · · · , N for system (24) and (27) are bounded on [0, T f ). That is, the boundedness of all the variables holds on [0, +∞) when T f is convergent to +∞.
Moreover, x i (t) and z i (t) are convergent to the origin for the closed-loop system (1)- (2).
IV. NUMERICAL EXAMPLES
In this section, simulation results are given to show effectiveness of the theoretical results provided in this paper. Example 1: Consider the following large-scale nonlinear system with time-delay and unmodeled dynamics aṡ
where f i,1 (·) and f i,2 (·) are two nonlinear functions for describing the system uncertainties with time delays and unmodeled dynamics. Functions f i,1 (·) and f i,2 (·) are shown as
where the time delay is given as d(t) = 0.2(1 + sin(t)) and the unmodeled dynamic is described aṡ
Based on Theorem 1, the observer and controller for system (44)-(45) are constructed aṡ
where parameters for the adaptive output scheme are given as
and functions for the adaptive output scheme by (17)- (21) are shown as
Initial conditions for the large-scale nonlinear system (44)-(45) are given as
Simulation results are shown in Figs. 1-6 . Note that observations z 1,1 (t), z 1,2 (t), z 2,1 (t) and z 2,2 (t) of the adaptive observer (49)-(50) track to states x 1,1 (t), x 1,2 (t), x 2,1 (t) and x 2,2 (t) as shown in Figs. 1-2 . It is also seen that states x 1,1 (t), x 1,2 (t), x 2,1 (t) and x 2,2 (t) of the large-scale nonlinear system (44)-(45) are convergent to zero in Figs. 1-2 . It is evident that all adaptive parameters and dynamic gain r(t) FIGURE 1. States of x 1,1 (t ), x 1,2 (t ) and z 1,1 (t ), z 1,2 (t ).
FIGURE 2.
States of x 2,1 (t ), x 2,2 (t ) and z 2,1 (t ), z 2,2 (t ). are bounded as shown in Figs. 3-6 . Moreover, the adaptive parametersζ i,2 (t), β i,2 (t) and dynamic gain r(t) are convergent to constants as shown in Figs. 3-5 . In Fig. 6 , it is VOLUME 5, 2017 FIGURE 6. Unmodeled dynamics ω 1 (t ), ω 2 (t ) and variables δ 1 (t ), δ 2 (t ).
shown that there are similar trajectories between unmodeled dynamics ω i (t) and dynamic signal δ i (t).
The simulation results indicate that the proposed adaptive output feedback control scheme is efficient for the large-scale nonlinear system (44)-(45).
V. CONCLUSION
Output feedback for a class of uncertain large-scale nonlinear time-delay systems with unmodeled dynamics has been investigated by an adaptive output feedback control scheme. The investigated large-scale time-delay system satisfies a very general growth condition. By developing the adaptive control scheme, both uncertainty and unmodeled dynamics have been addressed successfully. The proposed adaptive control scheme avoids calculating derivative repeatedly for traditional backstepping methods and reduces computational burden effectively, which can be widely used for nonlinear large-scale systems. A numerical example has been provided to illustrate the effectiveness of the proposed design techniques.
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